Electrochemical preparation and in situ characterization of poly(3-methylpyrrole) and poly(3-methylpyrrole-cyclodextrin) films on gold electrodes Abstract: A Electrosynthesis of conducting poly(3-methylpyrrole) (P3MPy) and poly(3-methylpyr role-2,6-dimethyl-β-cyclodextrin) (poly(3MPy-β-DMCD)) films on a gold electrode in acetonitrile electrolyte solution containing lithium perchlorate has been carried out by potential cycling. Products were characterized with cyclic voltammetry CV, in situ UV-Vis spectroscopy, and in situ resistance measurements. Electrosynthesis of poly(3MPy-β-DMCD) started with a (1:1) (3MPy-β-DMCD) supramolecular cyclodextrin CD complex of 3-methylpyrrole characterized with proton NMR spectroscopy. The oxidation peak of poly(3MPy-β-DMCD) in CVs is shifted to more positive values than P3MPy. In situ resistance measurements show that the resistance of poly(3MPy-β-DMCD) is higher than of P3MPy by approximately an order of magnitude. Minimum resistance can be observed for P3MPy and poly(3MPy-β-DMCD) at 0.40 < E Ag/AgCl < 1.10 V and 0.60 < E Ag/AgCl < 1.10 V, respectively. The higher resistance of P3MPy compared with polypyrrole may result from the presence of the methyl group substituent resulting in a decreased conjugation length. When CD is present during synthesis, resistance is even higher. In situ UV-Vis spectroelectrochemical data for both films prepared potentiodynamically by cycling the potential in the range -0.20 < E Ag/AgCl < 1.10 V in acetonitrile electrolyte show major effects of CD presence during electrosynthesis.
Introduction
Intrinsically conducting polymers (ICPs) have been recognized for many years as a particular class of materials with a unique combination of optical, electrical and magnetic properties [1] . Among conjugated conducting polymers, polypyrrole and substituted pyrroles have attracted considerable and increasing attention over the past 20 years in view of their remarkable conducting and electrocatalytic properties [2] [3] [4] [5] [6] [7] [8] . The electronic effect of β-substituents in the pyrrole ring, however, has been studied only infrequently. The effects of β-substituents on the electropolymerization process and on the electrochemical behavior of the polymer are of considerable interest. The electrochemical polymerization of substituted pyrrole with one or two alkyl groups (electron donating) in the β-position(s) occurs and the resulting polymeric materials show higher electrical resistance (In this report resistance values only are reported, not specific resistance (or resistivity) values. In numerous papers the terms conductance, conductivity, resistance and resistivity are liberally mixed assuming the reader is aware of the relationships or seeing no need to take care of the distinctions. To avoid confusion, in the introduction the terminology of the original reports is maintained nevertheless) and higher oxidation potential than polypyrrole itself. This has been attributed to the failure of the polymer chain to attain a planar conformation [2, [9] [10] [11] . The properties of the β-substituted pyrrole polymers are more interesting than those of the N-derivatives in spite of the difficulties of monomer synthesis and the higher sensitivity towards Electrochemical preparation and in situ characterization of poly(3-methylpyrrole) and poly (3-methylpyrrole-cyclodextrin) films on gold electrodes ambient atmosphere of the neutral polymers [12] . Wegner et al. reported conductivities of poly (3-alkylpyrroles) and their temperature dependence [13] . The influence of chain length, dopant anion and solvent on the electrochemical treatments of electropolymerization of 3-substituded pyrrole has been studied by Costantini et al. [14] . The results of the conductivity measurement of poly(3-alkylpyrrole) polymers show a decrease of conductivity as the alkyl chain becomes longer and a shift to negative potentials of the redox processes depending on the basic character of the solvent.
Recently much attention has been focused on the design of nanometer-scale molecular devices. One approach to the molecular devices is the self-assembly of supramolecular structures such as inclusion complexes [15] [16] [17] [18] [19] . Cyclodextrins (CDs) are cyclic molecules which consist of six, seven, or eight glucose units, respectively. Their cylindrical structures with cavities of about 0.70 nm depth and around 0.50-0.80 nm inside diameter provide various unique properties. In particular, CDs form inclusion complexes with various low molecular weight compounds by including them into the cavities [20] . Several reports have focused on inclusion complex formation between polyaniline and β-cyclodextrin [21] [22] [23] [24] [25] . Lagrost et al. [26] have reported that the use of host-guest complexation makes it possible to grow polybithiophene in aqueous medium by anodic oxidation of a bithiophene-hydroxypropyl-β-cyclodextrin (BT-HP-β-CD)(The terminology (HP-β-CD) or -β-CD as used in this manuscript indicates only the presence of CD as a host of the monomer before and during the polymerization process, it does not suggest the presence of CD (in whatever form, geometry etc.) in the product.) inclusion compound. Temsamani et al. [27] have reported the synthesis of stable polymer films from pyrrole and a sulfonated-β-cyclodextrin complex. The synthesis and characterization of a polypyrrole-β-cyclodextrin (PPy-β-CD) film at a glassy carbon (GC) electrode surface and polypyrrole-γ-cyclodextrin (PPy-γ-CD) at a gold electrode by simple electropolymerization have also been reported [28, 29] . We have reported previously on the role of β-DMCD molecules in the polymerization process, on optical absorption and the conductivity of polypyrrole [30] and poly(N-methylpyrrole) films [31] in aqueous and non-aqueous solutions, respectively. Here we report on the influence of β-DMCD under the same conditions as before, in non-aqueous solution, on the formation and properties of P3MPy prepared in the absence and the presence of this cyclodextrin.
Experimental Procedures
The cyclodextrin (Wacker Chemie, Burghausen, Germany) and 3-methylpyrrole (Aldrich, 99%) were used as received. LiClO 4 (Heraeus, Germany) used as electrolyte was dried under vacuum. Acetonitrile (Merck LiChrosolv, water content as determined by Karl Fischer method < 0.05%) was used as received and kept over molecular sieve. Cyclic voltammograms were recorded with a custom-built potentiostat interfaced with a standard PC via an ADDA-converter card operated with custom-developed software. For cyclic voltammetry (CV) a gold electrode (99.99%, Schiefer, Hamburg, ~ 0.4 cm 2 ) embedded in epoxy ARALDIT D/HY 956 (Ciba special chemicals), for UV-Vis spectroscopy an ITO coated glass sheet (Merck, R = 20 Ω cm -2 ), and for in situ resistance measure ments a band-gap gold electrode described elsewhere [32] were used as working electrodes. A gold sheet served as counter electrode. An Ag/AgCl electrode was used as reference. The potential of the Ag/AgCl reference electrode was verified frequently with respect to the aqueous saturated calomel electrode because this non-aqueous reference electrode system is prone to potential drift [33] . UV-Visspectra were recorded with the polymer films deposited on an optically transparent ITO-glass electrode (Merck) in the supporting electrolyte solution (acetonitrile + 0.05 M LiClO 4 ) in a standard 10 mm cuvette using a Shimadzu UV 2101-PC instrument and slight spectral smoothing. A cuvette with the same solution and an uncoated ITO glass were placed in the reference beam. Spectra were recorded at increasingly positive electrode potentials; in a few cases, spectra were recorded in the reverse potential direction in order to test reversibility. All experiments were performed at room temperature with nitrogen-purged solutions.
The setup and evaluation procedure for in situ resistance measurements have been described in detail elsewhere [32, 34] .
Infrared spectroscopy and elemental analysis of polypyrrole electrochemically synthesized with CDencapsulated and non-encapsulated pyrrole have been performed in order to obtain evidence that CD is incorporated in the polymeric material. The results show minor differences insufficient to demonstrate any particular interaction between the polymer and CD, even the presence of CD in the polymer film.
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Cyclic voltammetry
Initial CVs of a gold electrode in non-aqueous solutions (acetonitrile + 0.05 M LiClO 4 ) of 3MPy and (3MPy-β-DMCD) complex in the range -0.20 < E Ag/AgCl < 1.10 V are displayed in Fig. 1 .
The CVs are rather featureless;, in both CVs no cathodic current can be seen. Oxidation products are either electrochemically inactive or are consumed, resulting in further species which are also not electrochemically reducible. At the upper potential limit, the anodic current caused by the oxidation of 3MPy is considerably larger than the one observed with 3MPy-β-DMCD. Presumably, cyclodextrin has an inhibiting effect on the oxidation of 3MPy; it may also affect the growth of the polymer on the electrode surface. The inclusion, however, did not seem to inhibit 3MPy from polymerization. CVs obtained during electropolymerization of 3MPy and (3MPy-β-DMCD) complex in acetonitrile + 0.05 M LiClO 4 from -0.20 < E Ag/AgCl < 1.10 V at scan rates of 50 mV•s -1 are presented in Fig. 2 and 3 .
The electropolymerization was carried out by cycling the potential between E Ag/AgCl = -0.20 V and different upper potential limits E Ag/AgCl = 0.80, 0.90, 1.00 and 1.10 V. In the case of P3MPy, polymerization and deposition of polymer were observed in all cases. Deposition of Electrochemical preparation and in situ characterization of poly(3-methylpyrrole) and poly(3-methylpyrrole-cyclodextrin) films on gold electrodes poly(3MPy-β-DMCD, however, was observed only if the upper potential limit was maintained at 1.10 V. Thus, the latter value was selected as the most suitable upper potential limit for the electropolymerization of 3MPy-β-DMCD (The authors are not aware of studies of overoxidation of these polymers. Thus overoxidation may proceed with these polymers at the upper potential limit. For the sake of comparability and in the absence of further information this upper limit was observed). The results are in good agreement with our previous work on PPy and poly(Py-β-DMCD) films in non-aqueous electrolyte solution [31] . P3MPy and poly(3MPy-β-DMCD) films grow on the electrode surface during the electropolymerization process; the respective oxidation peaks of the polymers are observed around E Ag/AgCl = 0.46 V and 0.59 V during further oxidative polymerization up to 100 cycles. There are slight differences in the shape and position of peaks. CVs of both films, in supporting electrolyte solutions are shown in Fig. 4 . While the CVs appear similar, differences can be observed, especially in the position of the oxidation peaks. In case of P3MPy, the oxidation peak is located at E Ag/AgCl = 0.48 V, while for poly(3MPy-β-DMCD) the peak can be observed at E Ag/AgCl = 0.63 V. The difference is approximately ΔE = 0.15 V. The slightly higher oxidation potential of the polymer prepared from the encapsulated monomer indicates an impeded oxidation, presumably because of a slower electron transfer from the 3MPy unit to the gold electrode caused by the higher resistance (see below). This assumption is supported by the significantly higher redox peak potential difference observed with poly(3MPy-β-DMCD).
In the case of the polymers studied here, as well as in those studied before, no evidence so far for the presence of CD in the polymer film has been obtained.
In situ resistance measurements
In situ resistance measurements were carried out with polymer films of P3MPy and poly(3MPy-β-DMCD) deposited potentiodynamically by cycling the potential in the range -0.20 < E Ag/AgCl < 1.10 V in non-aqueous solutions at 50 mV•s -1 on a gold two-band electrode. The two electrode strips are separated by a gap of a few micrometers that can be easily bridged through the deposition of conducting polymers, when both electrodes are con nected electrically together and used as the working electrode [32] . The surface area of both strips is very small; thus, owing to the brittle nature of the electrochemically synthesized conducting polymers, thick films cannot be deposited, otherwise the films will not be uniform, and this can considerably affect the experimental results. In general, thin films form good bridges over the insulating gap between the two electrodes. The setup enables simple in situ measurements of the resistance as a function of applied potentials. The deposition of different polymer films of identical thickness across the insulating gap is a problem associated with this technique. As described elsewhere [35] , this problem can be solved mainly The resistance versus applied electrode potential plots for P3MPy films show a single transition (Fig. 5) . The resistance of P3MPy decreases sharply by 1.7 orders of magnitude at E Ag/AgCl = 0.50 V and then remains almost constant up to E Ag/AgCl = 1.10 V. In the case of poly(3MPy-β-DMCD) (Fig. 6 ) the resistance decreases sharply by 1.1 orders of magnitude at E Ag/AgCl = 0.60 V and then remains almost constant up to E Ag/AgCl = 1.10 V. The resistance was generally higher than with P3MPy by 0.7 orders of magnitude which must be caused by the presence of CD during the electropolymerization process. The generally higher resistance of P3MPy in comparison with PPy as reported previously [30] and elsewhere [31] may result from the presence of the methyl substituents that remarkably decreases conjugation length. The conjugation length of PPy was the larger and its distribution more narrow [36] . The low conductance of P3MPy and poly(3MPy-β-DMCD) also may result from other influences. In ICPs, the charge carriers not only have to move along chains but also to jump from chain to chain. The conductance is strongly influenced by the latter process (interchain hopping). Interchain hopping is the dominant charge transport mechanism in poorly conducting, disordered regions and may thus contribute to the measured resistance. From the comparison of polymers prepared in the presence of cyclodextrin in this work and our previous works [30, 31] , it appears that CD has some effect on these transport processes, and thus the conductance of poly(3MPy-β-DMCD) is lower than that of P3MPy. As discussed below, in the absence of cyclodextrin, a polymer with a larger conjugation length might be formed resulting in a lower resistance.
In situ UV-Vis spectroelectrochemistry
In situ UV-Vis spectra of P3MPy and poly(3MPy-β-DMCD) films in contact with a solution of acetonitrile + 0.05 M LiClO 4 acquired as a function of applied electrode potential are shown in Fig. 7 and 8 .
Both films were coated on ITO electrodes potentiodynamically by cycling the potential in the range -0.20 < E Ag/AgCl < 1.10 V. The spectra of the oxidized forms of both films were collected at identical electrode potentials (i.e. at presumably similar doping levels). In the reduced state the spectra of both polymers are dominated by a band A around λ = 371 nm (for P3MPy) log (R / Ohm)
Electrochemical preparation and in situ characterization of poly(3-methylpyrrole) and poly(3-methylpyrrole-cyclodextrin) films on gold electrodes and λ = 375 nm (for poly(3MPy-β-DMCD)). Upon oxidation, radical cations are formed. The associated singly-occupied binding molecular orbital (SOMO, semioccupied molecular orbital) and the corresponding antibinding molecular orbital are located above the HOMO (represented by the valence band) and below the LUMO (the conduction band, see also Fig. 9 ). Optical absorptions observed in the spectra displayed in Fig. 7 and 8 can be assigned to transitions between various electronic levels (valence band, conduction band, and polaron or bipolaron levels/bands) as displayed schematically in Fig. 9 . For the pristine state there is only one allowed optical transition: the band A assigned to the π→π* transition of the neutral polymer.
In the polaron state (partially oxidized), there are three additional transitions (intragap transitions) labelled B, C, D, while in the bipolaron state (The terms "polaron state" and "bipolaron state" refer (as in the literature) to a specific state (degree of doping, oxidation) of the polymer and also to electronic states between the valence band and the conduction band. This may cause some confusion) there are only two additional transitions (B, C). The latter ones (C) were reported around λ = 1771 nm (not observed here in the studied range of wavelengths) and λ =539 nm (B) for highly doped polymer [37] . As oxidation of the P3MPy film proceeds (Fig. 7) , the intensity of the band A located around λ = 371 nm decreases with increasing potential with a concomitant hypsochromic shift. Since the band A is due to the π→π* interband transition of the polymer [37] , the decrease of its intensity with the potential increase indicates the successive oxidation of the polymer with associated changes in intra-and intermolecular bonding. The slight blue shift of this band with potential is due to a decrease in the effective conjugation length, i.e., with increasing electrode potential units of shorter conjugation length and correspondingly higher absorption energy remain unconverted [39] . The intensity of the band B located around λ = 420 .. 530 nm first increases with increasing potential up to E Ag/AgCl = 0.10 V and then decreases gradually up to E Ag/AgCl = 1.10 V. It is assigned to the highenergy polaronic transition [38] (as displayed in Fig. 9 ) this transition refers to excitation from the valence band into the anti-binding (upper) polaron state [39] ) and exhibits a hypsochromic shift as the oxidation proceeds.
The band B appears in the spectra of the neutral film already, this implies that at E Ag/AgCl = -0.20 V polarons are present in the polymer film even in the completely reduced state.
As previously pointed out based on theoretical calculations, the respective differences between the LUMO and the lower, binding bipolaron (dication) state and the HOMO as well as between the upper, antibonding bipolaron state are fairly similar to the respective differences found for the polaron (cation radical) state [39, 40] . Experimental observations were in slight disagreement. The energy difference between the valence band and the lower polaron band was calculated to be 0.49 eV, actually a value of 0.7 eV was observed. For the respective transition into the binding bipolaron state 0.75 eV was calculated, the observed value is about 1 eV. This was explained by the larger degree of delocalization in the bipolaron state because of the inclusion of quinoid structures [41] instead of only benzoid ones in the polaron or reduced state.
The intensity of the broad band C around λ = 830 nm increases monotonically with increasing applied potential [38] . In the polaron state it can be caused by the transition from the binding into the antibinding polaron state. As the energy difference between the valence band and the binding polaron state is relatively much smaller, assignment to the transition is unlikely, instead this band (designated D) is assumed to be outside the observed spectral range. Because no transition between the empty binding (lower) and antibinding (upper) bipolaron band is possible in the highly oxidized bipolaron state this absorption must be caused by the transition from the valence band into the lower bipolaron band. A blue shift of the transition from the valence band into the lower binding states has been observed before [39] , its actual extent appears to be dependent on the actual polymer investigated. This band shows a significant change in shape and undergoes a blue shift with increasing potential. The former observation is discussed below with respect to influences of the polymerization process on electrooptical polymer properties. The latter observation can be explained when taking into account that at higher electrode potentials polymer chain segments with shorter conjugation lengths are oxidized with respective smaller energy differences. This in turn causes shorter conjugated segments to increase the energy difference between binding and antibinding states [41] thus reducing the valence band-to-binding state energy difference.
These observations can be equivalently explained by taking into account the polydispersity of synthetic polymers. In a syn thetic polymer there is a distribution of different lengths of conjugated segments. At lower potential the segments with longer conjugation length will be oxidized first. With successive potential increase the segments with shorter conjugation length will be oxidized. The segments with shortest conjugation length will be oxidized at even higher potential. As the energy of maximum absorption is inversely proportional to the conjugation length of the polymer chain, therefore, a blue shift is observed in the long wavelength part of the spectra with the potential increase.
In the case of poly(3MPy-β-DMCD) film during oxidation (Fig. 8) , the intensity of the band A at λ = 370 to 410 nm (attributed to the π→π* transition of the neutral polymer) decreases with increasing potential up to E Ag/AgCl = 0.20 V, and then remains nearly constant up to E Ag/AgCl = 1.10 V. The intensity of the band B around λ = 420 to 530 nm increases with increasing potential up to E Ag/AgCl = 0.20 V, and then decreases slightly. The broad and poorly-defined band C around λ = 720 to 810 nm increases gradually with increasing potential. By comparison, P3MPy-films show upon oxidation a continuous increase of absorption into the NIR.
The differences in potential dependent behavior and shape of optical absorption spectra for P3MPy in comparison with poly(3MPy-β-DMCD) film can be explained when taking into account the polymerization process. During electropolymerization the 3MPy monomer is oxidized, forming a radical cation -the reactive species in this process -which dimerizes subsequently. Finally, the reaction results in the formation of a deposit of P3MPy. The observed absorption features in the UV-Vis spectra correspond to the distribution of conjugation lengths in the polymer; a broader band is associated with a broader distribution [42] . The spectra obtained here with P3MPy and poly(3MPy-β-DMCD) are substantially different from the respective ones obtained with pyrrole [30] and N-methyl pyrrole [31] . P3MPy prepared in the absence of CD shows a broad, nevertheless well-defined band C, fairly narrow at low degrees of oxidation, broadening and growing substantially in intensity with oxidation. The extension of the band towards shorter wavelengths suggests oxidation of shorter units at higher electrode potentials. At all applied potentials the absorption sharply drops around λ = 880 nm, it is apparently very small in the NIR. The behavior of band C prepared in the presence of CD is strikingly different. The majority of the absorption is observed as a growing tail extending into the NIR, only at electrode potentials relatively higher than those in the case with CD, a broad, almost featureless absorption is also observed in the visible range. The blue shift is far less pronounced. The first observation implies that the conjugation length of the species participating in the electrooxidation is substantially longer for this polymer; this is corroborated by the apparent lack of the blue shift. In the previously discussed case of N-methyl pyrrole [31] the comparatively narrow shape Electrochemical preparation and in situ characterization of poly(3-methylpyrrole) and poly(3-methylpyrrole-cyclodextrin) films on gold electrodes of band C of the polymer prepared in the presence of CD was assigned to a kinetic effect: in the presence of CD, i.e. with the monomer shielded inside the CD cavity, the decomplexation (release) reaction preceding the presumably fast electrooxidation was suggested as the rate limiting reaction step. Because of this, the concentration of free radical was low; polymerization proceeded in a "more orderly" manner at a slower rate resulting in a more narrow distribution of polymer chain length associated with the observed spectral features. Taking the maximum of the bands as an indicator, the prevalent conjugation length was practically the same for the polymer prepared without and with CD. This is changed substantially with 3MPy. The polymer prepared in the presence of CD shows some absorption in the visible range in the case of the polymer prepared without CD -but the bulk of the absorption is in the NIR (Currently an experimental setup permitting observation of this feature is being developed, and respective supporting evidence will be obtained in due course). Apparently the arguments already discussed are even more valid here; i.e., the rate-limiting decomplexation reaction limits availability of free radicals, thus supporting the formation of significantly longer conjugated segments in polymer chains. The observed high resistances of the polymers P3MPy and poly(3MPy-β-DMCD) compared with those of the respective polymers prepared from unsubstituted pyrrole seem to contradict this assignment. This can be resolved at least in part when taking into account, that the conjugation length is only one factor contributing to the macroscopically observed conductivity. The absorbancies (indicative of the concentration of the absorbing species) with all studied pyrroles do not show any obvious correlation with the observed resistances. The other factors contributing to conductivity (mobility of charge carriers, here: along the conjugation length, between conjugated segments, etc.) do not show up in the UV-Vis spectra. Thus a simple correlation between optical spectroscopy results and observed resistances may not be expected.
Concluding Remarks
P3MPy and poly(3MPy-β-DMCD) films have been electrochemically synthesized by cycling the potential in non-aqueous medium. Positive potential shifts of polymer electrooxidation are observed for poly(3MPy-β-DMCD) compared to P3MPy films. In situ conductance measurements of P3MPy films show higher resistance compared with that of PPy. Poly(3MPy-β-DMCD) shows an even higher resistance. The results of UV-Vis-spectra at different electrode potentials of films show effects of cyclodextrin on the position of absorption bands and their electrode potential dependent behavior. The behavior of polymers in this investigation suggests that interchain interactions are modified by the presence of CD during the polymerization process.
